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INTRODUCTION
The synthetic auxin herbicide 2,4-D was introduced for weed control in agriculture in the mid-1940s 1 inhibitors, auxinic herbicide use has remained high, primarily because of their selectivity, efficacy, broad-spectrum of control, and low cost. 1 More recently, the widespread and increasing evolution of resistance in weed species to various other herbicides has resulted in an increase in auxinic herbicide use. The development and commercialization of 2,4-D-resistant cotton (Gossypium hirsutum) and soybean (Glycine max) crop varieties 3 will likely increase 2,4-D use for in-crop selective weed control.
Synthetic auxin herbicides are known to mimic several physiological and biochemical responses induced by the natural plant hormone, indole acetic acid (IAA). 4 Despite their extensive use in agriculture for several decades, the precise mechanism of synthetic auxin herbicide action is not completely understood. Upon discovery of IAA receptors Transport
Inhibitor Response 1 (TIR1) and Auxin F-Box (AFB) proteins, 5, 6 the role of these proteins in auxinic herbicide-mediated responses has also been examined. 7, 8 One hypothesis is that functional redundancy in auxin receptors (i.e., TIR1 and AFBs 1-5) might contribute to multiple sites of action for auxinic herbicides. The precise role of these proteins in auxinic herbicidemediated responses is still elusive. Previous research also suggests that auxinic herbicides activate metabolic processes that initiate ethylene accumulation, resulting in epinasty. 4 Other factors potentially leading to plant death include abscisic acid (ABA) accumulation resulting in 1) photosynthesis inhibition, 2) H2O2 production, and 3) increase in reactive oxygen species (ROS). 4, 9 The selectivity of auxinic herbicides in controlling broadleaf species is primarily due to auxinic herbicide metabolism by tolerant species. 10 Metabolism also plays a key role in conferring resistance to these herbicides in dicot species as well. 11 In most cases, auxinic herbicides undergo oxidation, hydrolysis, or conjugation resulting in reduced biological activity. [11] [12] [13] In tolerant monocots, metabolic reactions typically occur through ring hydroxylation followed by irreversible glucose conjugation. 14 In sensitive dicots, auxinic herbicides may be conjugated to amino acids, which are reversible to active forms and may still have partial herbicidal activity themselves. 15 Amaranthus tuberculatus (Moq.) Sauer var. rudis (Sauer) Costea and Tardif (common waterhemp) is a major troublesome weed of cropping systems in North America. 16 
MATERIALS AND METHODS
The 2,4-D-resistant A. tuberculatus from southeast Nebraska was used in this research.
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This population was found in a seed production field of little bluestem (Schizachyrium scoparia Michx. Nash) that had been in no-till management with annual application of 2,4-D for over 10 years. The 2,4-D resistant A. tuberculatus seed was collected from the field followed by one generation of 2,4-D selection in the greenhouse to produce the seed used in these studies. An A.
tuberculatus population from Nebraska known to be susceptible to 2,4-D was also used for comparison. where "%Htr" is the proportion of translocated herbicide, " 14 C al" is the amount of 14 C measured in the treated leaf, and " 14 C ot" is the amount of 14 C detected in other untreated tissues of the plant.
[ 14 C] 2,4-D Absorption and Translocation

[ 14 C] Metabolism
Plants were treated with the same procedures and conditions as the absorption and translocation studies. They were harvested at 12, 24, 48, 96, 192, and 264 HAT and at each time point, treated leaf, roots, and sand were washed and the plant tissue was rapidly frozen in liquid nitrogen and stored at -80 o C. Metabolite extraction was performed by grinding the entire plant with a mortar and pestle, then digesting tissue with a 10 ml solution of 1% acetic acid in 50 ml plastic tubes on a table shaker for 10 min. Extracts were put in 50 ml centrifuge filters with 25 ml microfiltration membranes (pore size of 0.45 μm), then the tissue digestion step was repeated two more times. Filters and tissue were dried and kept for oxidation to quantify the non-extracted metabolites. Final extracted volume of 30 ml was applied to a solid phase extraction C18
cartridge, and 5 ml of digestion solution that passed through the cartridge was quantified by LSS.
About 95% of radioactivity interacted with the silica matrix and was recovered with 4 ml of where "%2,4-DParent" is the proportion of non-metabolized herbicide. The experiment had 3 replications and it was repeated.
Malathion Effects on 2,4-D Resistance and Metabolism
Resistant and susceptible A. tuberculatus plants were grown in a greenhouse under 
Data Analysis
The experiments were analyzed using the software R. 28 Absorption and translocation over time were analyzed using a rectangular hyperbolic model. 29 2,4-D metabolism and 2,4-D dose response with malathion were analyzed using a three-parameter log-logistic model. 30 Malathion effect on 2,4-D metabolism was analyzed using a factorial ANOVA in R and contrast comparisons were adjusted by the Tukey method.
RESULTS
[ 14 C] 2,4-D Absorption and Translocation
To 
[ 14 C] 2,4-D Metabolism
To determine if 2,4-D metabolism was a factor in the resistance mechanism of this A.
tuberculatus population, we measured how much Table 3 ).
Malathion Effects on 2,4-D Resistance and Metabolism
To test the hypothesis that enhanced 2,4-D metabolism was conferred by cytochrome P450, the known cytochrome P450-inhibitor malathion was tested. Table 1 ).
This article is protected by copyright. All rights reserved. Our results indicate that 2,4-D absorption and translocation were similar between resistant and susceptible A. tuberculatus, and therefore do not appear to contribute to resistance. Previously, a similar amount of total 2,4-D absorption and translocation was reported in leafy spurge (Euphorbia esula) and cucumber (Cucumis sativus). 38, 39 However, in 2,4-D susceptible ground ivy (Glechoma hederacea), 37% more 2,4-D was absorbed than in resistant plants. 40 In a Jimsonweed (Datura stramonium) population susceptible to 2,4-D, about 70% of the absorbed 2,4-D was translocated within the plant. 41 Reduced MCPA (phenoxy herbicide) translocation reduced 2,4-D translocation was found to confer resistance in a wild radish (Raphanus raphanistrum) population. 43 However, in another wild radish population resistant to MCPA, it was found that the resistant plants translocated MCPA more rapidly to roots than did susceptible plants, and also less [ 14 C] MCPA (as % applied) was recovered in resistant plants than in susceptible plants at 48 and 72 HAT. 44 In that study, 38 One study reported elevated 2,4-D metabolism in lesssusceptible wild cucumber when compared to more-susceptible cultivated cucumber. 39 An MCPA-resistant G. tetrahit population had increased MCPA metabolism compared to a susceptible population. 42 The bacterial aryloxyalkanoate dioxygenase transformed in 2,4-D resistant crops show that rapid 2,4-D metabolism can confer robust 2,4-D resistance.
induced toxicity and continue to grow.
Auxinic herbicide selectivity in crops is primarily dependent on plant metabolism of these herbicides. Metabolic detoxification of 2,4-D typically occurs through side-chain cleavage, or ring hydroxylation followed by glucose conjugation. Tolerant plants can convert the parent biologically active molecule to more polar and insoluble residues. 46 Sensitive species can sometimes metabolize 2,4-D faster than tolerant species, however, the main metabolites formed in sensitive species are reversible conjugates that can rapidly convert back to the biologically active, parent compound. 47 The metabolites produced by tolerant species are generally more stable and irreversible. 47 In auxinic herbicide-tolerant monocots, the formation of stable metabolites via phenyl and heterocyclic ring hydroxylation followed by subsequent sequestration of the non-biologically active compounds has been reported. 57, 58 and in vivo, 59 including the induction of demethylation and ring-methyl hydroxylation of chlortoluron in tobacco (Nicotiana tabacum) cells. 58 More recent studies showed that ACCase-inhibitor-susceptible Lolium plants pre-treated with 2,4-D had induction of cytochrome P450 transcripts 60 and higher rates of diclofop-methyl metabolism, which was reversed after malathion treatment. paper and dried at 60°C for 16 h. Subsequently, the plant samples were combusted using a 14 C] 2,4-D was calculated as the radioactivity measured at 11.6 min compared to total amount recovered.
Data Analysis
The experiments conducted at KSU were in randomized complete blocks and a single plant represented an experimental unit. Absorption and translocation experiments included four replications and experiments were conducted twice. The metabolism studies included three replications and were conducted twice. All data were analyzed using the PROC GLIMMIX procedure of SAS (SAS Institute Inc., Cary, NC 27513) for generalized linear mixed model analysis to incorporate normally distributed random effects. Variances were homogenous among individual runs within each experiment and thus runs were combined for analysis and presentation. Treatment means were separated by Fisher's protected least significant difference at P < 0.05 level of significance. 
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